Amino acid sequences of 16 geminivirus replication-associated proteins and 15 coat proteins were aligned and a new computer program was used to calculate the minimum mutation distances for all possible pairwise comparisons. These data were used to construct phylogenetic trees. Trees based on coat proteins had two main branches which were positively correlated with vector specificities of the viruses. Trees based on replication-associated proteins also had two main branches which were positively correlated with viral host specificities for either monocotyledonous or dicotyledonous plants. Therefore, evolutionary pressures on coat proteins and replication-associated proteins are probably highly influenced by vectors and hosts, respectively. Geminiviruses that infect dicotyledonous plants may be divided further by geographical origins into Old World and New World viruses. These results suggest the possible geographical origins of some geminiviruses, that new taxa should be erected, and have implications for distinguishing viruses and strains.
INTRODUCTION
The taxonomy of viruses has improved greatly over the years as more information has become available about the physical and chemical nature of viruses. Early attempts at classifying viruses were based on characters such as symptomatology and host range which depended on the genotype of both viruses and host organisms (Matthews, 1983) . Current classification schemes for distinguishing viruses into families and genera, or groups, rely on inherent traits of the viruses, including type of nucleic acid, particle morphology and mode of replication (Matthews, 1982) . Within viral taxa distinctions between viruses are often based on characteristics such as host range and serological relationships (Francki, 1983) .
Geminiviruses are of world-wide importance as pathogens of crops including cereals such as maize and wheat (Goodman, 1981a) . They are among the smallest known autonomously replicating viruses (Howarth & Goodman, 1982) . As a result, geminiviruses are among the most intensively studied viruses for their potential usefulness in genetic engineering of plants (Buck & Coutts, 1983) . The genomes of at least 16 geminivirus isolates have been sequenced (Table 1) .
Nucleic acid type (circular ssDNA) and a unique geminate particle morphology distinguish geminiviruses from all other known viruses (Matthews, 1982) . However, a dichotomy among geminiviruses has been evident from the time that they were recognized as worthy of taxonomic distinction (Harrison et al., 1977) . This dichotomy has been viewed in terms of vector specificity (leafhoppers or whiteflies), host range [monocotyledonous (monocots) or dicotyledonous (dicots) plants], and, more recently, genomic complexity (segmented or unsegmented; Fig. 1 ; Goodman, 1981 b; Stanley, 1983 Stanley, , 1985 Grimsley et al., 1987) . Based on these criteria three subgroups have been suggested: (i) whitefly-transmitted, segmented genome, infects dicots; (ii) leafhoppertransmitted, unsegmented genome, infects dicots; (iii) leafhopper-transmitted, unsegmented genome, infects monocots. Although it has been useful to categorize geminiviruses in these ways, new sequence information provided an opportunity for further examination of relationships among geminiviruses.
We have chosen to use molecular distance data to evaluate the relationships among geminiviruses. Only two proteins, coat protein (gene I) and the replication-associated protein (Bennett, 1971) . t Cassava latent virus is the same as African cassava mosaic virus (Bock & Woods, 1983 
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MacDowell et al. (gene II), are encoded in the genomes of all geminiviruses characterized to date ( Fig. 1 ; see references in Table 1 ). Phylogenetic trees were constructed based on sequence alignments of each of these two proteins. In a previous study involving only six viruses, we used replicationassociated protein genes as the basis for analysing relationships between viruses (Howarth & Goodman, 1986) .
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METHODS
The viruses analysed in this study and their abbreviations are listed in Table 1 . Amino acid sequence alignments of replication-associated proteins and coat proteins, respectively, were developed from the alignments of MacDowell et al. (1985) and Stanley et al. (1986) . Gaps were added as necessary to maximize similarities of additional viral sequences. Then, each sequence was compared pairwise to every other sequence to determine minimum mutation distances (Fitch & Margoliash, 1967) , the minimum number of mutations required to convert the sequence of a protein into the sequence of the protein with which it is compared. These numbers were normalized for sequence length (Fitch & Margolish, 1967) . Comparisons involving gaps were assigned a value of zero and, thus, were omitted from the calculations. These computations were aided by a new computer program which requires as input the aligned sequences and which gives as output a matrix of normalized mutation distances. The program was designed to read an input file with a default length of l0 characters for the virus name and 600 characters of single-letter code for the amino acid sequence of the peptide. The program can compare up to 50 different viruses in one program execution. The name length, amino acid sequence length and maximum number of viruses compared in one execution can be increased beyond the default limits by simple modifications of the source code. The source code is a Pascal program which can be executed on any IBM-compatible personal computer with a Turbo Pascal compiler or on any mainframe computer by invoking the Pascal compiler. The program is available to interested users.
Rooted and unrooted trees were constructed from the minimum mutation distances using the Fitch and Kitsch programs contained in the Phylip package of programs of Felsenstein 0985) as supplied for the IBM PC by G. D. F. Wilson (Scripps Institution of Oceanography, La Jolla, Ca. 92093, U.S.A.). Phylogenetic trees with the smallest sums of squares were obtained by at least three executions of each program using the jumble and global rearrangement options.
RESULTS

Comparison of replication-associated proteins
Alignments of 16 amino acid sequences which correspond to the replication-associated proteins of sequenced geminiviruses were compared in every pairwise combination. Minimum mutation distances were calculated for each comparison (Table 2) . After three executions of the tree-construction program, we concluded that the best tree had been established because each execution resulted in the same best tree and sum of squares (S.S. = 0.25). We used an F test (Felsenstein, 1984) to compare the rooted tree produced by the Kitsch program, which assumes a molecular clock, to the unrooted tree produced by the Fitch program, which assumes no clock. The resulting highly significant F statistic of 35-0 led us to reject the hypothesis that there was no difference between the rooted and unrooted trees. Therefore, we rejected the validity of the molecular clock for these data. However, the same clusters of viruses were obtained with both programs. Fig. 2 depicts the best tree of an average of 777 trees that were examined for each execution of the program. The average percent standard deviation of this tree is only 3.3. The principal feature of the tree is that there are two main branches which correspond to the host specificities of the viruses for either monocots or dicots. The horizontal lines in the monocot branch are longer than in the dicot branch, i.e. there is less divergence among dicot-infecting viruses than among monocot-infecting viruses. All of the viruses in the monocot branch of the tree have a gene organization as shown in Fig. 1 (b) . The branch containing the viruses that infect dicots divides into two branches. The viruses in one branch (AbMV, BCTV, BGMV-PR, BGMV-BZ and TGMV) were collected in the New World whereas those in the other branch [CLV (ACMV), MYMV and TYCV] were collected in the Old World. BCTV is the only virus in this cluster which is not transmitted by the whitefly, Bemisia tabaci (Bennett, 1971) . Further, BCTV has a genome composed of a 2993 nucleotide DNA, which is very similar in its gene organization DNA 1 of BGMV and other whitefly-transmitted viruses (Fig. 1 a; Stanley et al., 1986) . The other dicot-infecting viruses in Fig. 2 have two genomic DNAs and the gene organization depicted in Fig. 1 (a) (Lazarowitz, 1987) .
The normalized mutation distances (Table 2) showed that the viruses which are considered to be strains of WDV were very similar and had mutation distances of 10 or less, as did strains of MSV. Even the most similar of other viruses had scores at least 10-fold larger. BGMV-PR and BGMV-BZ were not each other's closest relative; BGMV-PR was nearest to AbMV and BGMV-BZ was nearest to TGMV.
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Comparison of coat proteins
Alignments of 15 coat protein amino acid sequences (the coat protein sequence of MYMV was not available) were compared in every pairwise combination, as described above for the replication-associated proteins. Minimum mutation distances were computed (Table 3) . Three executions of the Fitch program of the Phylip package each yielded the same best tree and sum of squares (S.S. = 0.088). An average of 593 trees were examined per program execution. The best tree had an average percent standard deviation of only 2-0. An F test (F = 65.6) led us to reject the validity of the molecular clock, therefore Fig. 3 depicts an unrooted tree. The main feature of this tree is dichotomous branching into clusters of geminiviruses that correlate with their vectors, either whiteflies or leaf hoppers. The horizontal lines of the leaf hopper-transmitted viruses were longer than those of the whitefly-transmitted viruses, showing that divergence was greater among the leaf hopper-than among the whitefly-transmitted viruses, a result also concluded from the tree based on replication-associated proteins (Fig. 2) . According to this scheme, BCTV is nearest to viruses which are also transmitted by leafhopper vectors, but differs from them in having a host range restricted to dicots and a gene organization like DNA 1 of Fig.  1 (a) . In other regards, the tree in Fig. 3 is similar to the tree in Fig. 2 . Again, BGMV-PR and BGMV-BZ were each more closely related to another virus, TGMV, than to each other. DISCUSSION Serology or amino acid composition of capsid proteins are commonly used to suggest phylogenies of plant viruses (Shukla & Ward, 1988; Fauquet et al., 1986) . Serological studies of geminiviruses have shown that whitefly-transmitted geminiviruses are related sufficiently to cross-react with polyclonal and monoclonal antisera; however, there is a general lack of serological cross-reactivity among leafhopper-transmitted geminiviruses (Roberts et al., 1984) , with the exceptions of MSV and DSV (Dollet et al., 1986) and BCTV and tobacco yellow dwarf virus (Thomas & Bowyer, 1980) . No antigenic cross-reactivity has been substantiated between whitefly-and leafhopper-transmitted geminiviruses (Thomas et al., 1986) . These observations, together with the fact that coat protein is the only protein that has been purified from most geminiviruses, limits the usefulness of a serological approach in a comparative study. We have overcome these problems in determining phylogenetic relationships of geminiviruses by analysis of alignments of amino acid sequences of both gene products which all geminiviruses contain, the coat protein and the replication-associated protein (MacDowell et al., 1985 ; Stanley et al., 1986) . Thus, even the most disparate geminiviruses were compared.
The geminiviruses that infect either monocots or dicots havc different genome organizations. First, the monocot-type DNAs have two non-coding (intcrgenic) regions, whereas dicot-type DNAs have only one intergenic region in DNA 1. Second, the monocot-type viruses have small (approximately 80 nucleotides) complementary-strand DNAs which contain a few covalently bound, 5'-terminal ribonucleotides and are associated with and probably base-paired to viral DNA inside nucleocapsids (Howell, 1984; Donson et al., 1984 Donson et al., , 1987 Andersen et al., 1988; Hayes et al., 1988; Lazarowitz, 1988) . These small DNAs are thought to be primers of complementary strand DNA synthesis. No such 'primer' molecules have been reported for viruses with dicot-type DNAs. Third, monocot viruses encoded an 11K to 12K protein in a gene (alpha in Fig. 1 b) with the same polarity as, and just upstream from, the coat protein gene . No comparable gene is conserved in the genomes of the dicot viruses. Similarly, monocot viruses lack genes III and IV that are conserved in dicot viruses. Fourth, monocot viruses have two open reading frames (ORFs) in the complementary strand (labelled IIa andlIb in Fig. 1 b) , the products of which have significant amino acid sequence similarities to the product of gene II of the dicot viruses (Mullineaux et al., 1985) . Schalk et al. (1989) have shown that splicing of WDV RNA results in removal of an intron and, presumably, expression of only one protein from these two ORFs. These points suggest that although monocot and dicot geminiviruses are grossly similar in genetic organization, close examination reveals that there may be significant differences in their mechanisms of replication and gene expression.
The replication-associated protein phylogenetic tree (Fig. 2) has two main branches one of which contains the viruses that infect dicots and the other those which infect monocots. These results suggest that this tree is consistent with classification of geminiviruses based on two constantly associated characteristics, host range limited to either monocots or dicots and type of genome organization. Further, the results also suggest that evolution of replication-associated proteins is influenced by viral hosts. Thus, the original divergence of monocot and dicot geminiviruses may have been, in part, due to evolution of the replication-associated protein genes to function eMciently in the different plant hosts. One could speculate, then, that gene organization has become an effective determinant, but not necessarily the only determinant, of host range. For example, the two ORFs that encode the replication-associated protein of the monocot viruses probably require RNA splicing as a necessary step in expression of that gene (Schalk et al., 1989) . Perhaps dicots do not process these genes properly and are, thus, eliminated as potential hosts of these viruses.
The coat protein tree (Fig. 3) is similar to the replication-associated protein tree (Fig. 2) in that it also divides into two main branches. Unlike the replication-associated protein tree, however, the phylogeny derived from analysis of coat proteins correlates with vector specificities of the viruses for either leafhoppers or whiteflies. The relationships among the monocot viruses are unchanged from the tree in Fig. 2 . The whitefly-transmitted viruses have some small differences in that BGMV-PR and BGMV-BZ switch places in their relative associations with TGMV and AbMV. CLV and TYLCV, the only whitefly-transmitted viruses of the Old World for which coat protein sequences were available, form their own branch of the tree apart from the whiteflytransmitted New World viruses to suggest that, as with the replication-associated protein tree, geographical isolation has played a role in their phylogenetic history. The main difference between the coat protein and replication-associated protein trees is that the position of BCTV has changed from near the other viruses of dicots, all of which are whitefly-transmitted, to near the monocot viruses, all of which are leaf hopper-transmitted. This result supports the hypothesis that coat protein is intimately associated with vector transmission (Roberts et al., 1984; Gardiner et al., 1988) , the corollary of which is that evolution of the coat protein gene is constrained by the need to accommodate vector transmissibility. Thus, it seems logical that phylogeny based on coat proteins would correspond to vector specificity. We favour the replication-associated protein tree as the best representation of the phylogeny of geminiviruses because the genome organization, structure of its replication-associated protein gene and host range of BCTV are like those of other geminiviruses that infect dicots.
Our results may have a bearing on the issue of origins of geminiviruses. For example, Oman (1969) suggested that BCTV originated in the New World and perhaps was transmitted by a less aggressive insect which has since been displaced by the introduced vector, Neoaliturus tenellus (Circulifer tenellus). Bennett (1971) argued that BCTV was introduced to North America along with the vector. On the face of it, our results with a California isolate of BCTV support Oman's conclusion because this isolate of BCTV lies within the cluster of New World viruses (Fig. 2) . However, it is also possible that BCTV originated in the Old World and has mutated since its introduction to the New World, in response to new host plants, to become similar to other New World geminiviruses. Similar to the issue of the origin of BCTV is that of CLV. Our results suggest that CLV originated in Africa and was present there before the introduction of cassava from South America. The lack of a South American geminivirus of cassava also supports this idea. However, we cannot eliminate the possibility that CLV originated in South America and was introduced to Africa with cassava.
Our results may also have a bearing on the definition of viruses and strains. We included examples of viruses that have been regarded as three strains each of MSV and WDV. Our results corroborate the use of the term 'strain' for these viruses. For example, MSV strains not only have the same vector and hosts, but they have only very small mutation distances (Tables 1 and 2 ). Their mutation distances were 8 or less in the replication-associated protein tree and 6 or less in the coat protein tree, whereas the smallest mutation distance between any other pair of viruses was more than 13-fold higher (131 for TGMV and BGMV-BZ) in the replication-associated protein tree and four-fold higher (28 for TGMV and BGMV-BZ) in the coat protein tree. It is interesting, but not too surprising, that the two viruses named BGMV-PR and BGMV-BZ are not each other's closest relative. Reasons for this may include that they were collected at distantly separated sites, Puerto Rico and Brazil; BGMV-PR was selected as a mechanically transmissible isolate and BGMV-BZ was not; BGMV-PR was originally collected from Phaseolus lunatus and BGMV-BZ was collected from Phaseolus vulgaris; ultimately, they were named BGMV because they cause golden mosaic symptoms on bean and are transmitted by whiteflies. We conclude that BGMV-PR and BGMV-BZ may not be strains of the same virus because of their closer relationships to other viruses than to each other.
It seems clear that additional taxa should be erected to classify the two different types of geminiviruses that are included in the group. If current nomenclature is retained then subgroups for monocot-and dicot-infecting geminiviruses, respectively, should be defined. It would be simple to convert this hierarchical structure to a family with two genera (Matthews, 1985) , if such a system is approved in the future. This classification would remove the problem of having MSV as the type geminivirus (Matthews, 1982; Stanley, 1985) , a status which is not consistent with what we know about the structure and other features of these viruses. As more geminiviruses are characterized, standardization in naming the two DNA segments is desirable; the precedent of Stanley & Gay (1983) should be observed.
